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REMARKS 

Claims 8-13, 16-18, 47, 73 and 1 12 remain pending in the application after cancellation 
of previously pending claims 89-94. The Examiner has indicated that all claims have been 
rejected, although the Examiner indicates at p. 5 that claims 16-18 contain allowable subject 
matter subject to a provisional double patenting over pending claims 16-18 of Application No, 
09/244,578. 

I. Claim Rejections under 35 ILS»C. S 112 

Claims 47 and 89-94 have been rejected for allegedly containing subject matter which 
was not described in the specification in such a way as to reasonably convey to one skilled in the 
relevant art that the inventor, at the time the application was filed, had possession of the claimed 
invention. Claims 89-94 have been canceled, and so Applicant respectfully requests withdrawal 
of this rejection as it pertains to these claims. 

With regard to claim 47, it is stated in the Office Action that "the specification is void of 
a written description which conveys that applicants had possession of the following subject 
matter as claimed: (A) "under deposition conditions effective to provide an outer aluminide layer 
region comprising a substantially single phase solid solution intermediate phase and an inner 
diffusion zone region proximate the substrate"; (B) "said intermediate phase including an 
average nickel concentration of about 50 to about 60% by weight so as to be nonstoichiometric 
relative to intennetallic compounds of aluminum and nickel, or aluminum and platinum, said 
outer aluminide layer region being substantially free of phase constituents other than said 
intermediate phase"; and (C) "oxidizing the diffusion aluminide layer under temperature and 
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oxygen partial pressure conditions effective to form an alpha alumina layer." See Office Action 
at pp. 2-3- 

There is no requirement that the subject matter of claim 47 be described literally hi order 

to satisfy the written description requirement See MPEP § 2163.02. Rather, claim limitations 

may be supported in the specification through "express, implicit or inherent disclosure." See 

MPEP § 2163(I)(B). The fundamental factual inquiry is whether the specification conveys with 

reasonable clarity to those skilled in the art that, as of the filing date sought, applicant was in 

possession of the invention as now claimed." IcL Applicant respectfully submits that the 

specification, as filed, conveys with reasonable clarity to those skilled in the art of aluminide, 

and platinum-aluminide, coatings on nickel-base superalloys that Applicant was in possession of 

the invention as now claimed, including these claim limitations of claim 47. 

A. "An outer aluminide layer region with a solid solution intermediate phase 
and an inner diffusion zone region proximate the substrate" 

Applicant previously argued that the limitation in claim 47 of an outer aluminide layer 

region with a solid solution intermediate phase and an inneF diffusion zone region proximate the 

substrate would be reasonably conveyed to those skilled in the art from the specification as filed. 

In response, the Examiner has asserted that c< there is no mention whatsoever, explicit or implied, 

of the above-specified claimed subject matter." See Office Action at p. 3. Further, the Examiner 

asserted in the Advisory Action mailed on November 26 7 2002 that; "there is no description of a 

solid solution phase," and that figures 2A and 2B do not disclose an outer aluminide coating 

having a solid solution intermediate phase and an inner diffusion zone. See Advisory Action, 

Paper No. 17, at p. 2, 
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In response, Applicant respectfully submits that the specification as filed includes a 
description of the process of forming the claimed diffusion aluminide layer. The specification 
expressly discloses that the claimed diffusion aluminide layer is formed by depositing a layer of 
platinum on the surface of a substrate (a nickel-base alloy); diffusing platinum from the layer of 
platinum into the substrate surface; providing a source of aluminum and diffusing aluminum 
from the source of aluminum into the substrate surface for a time sufficient to produce a surface 
region at the substrate surface, gee Specification at p. 3, lines 16-22, p. 6, line 26 - p. 7, line 12. 
The specification provides further that platinum-aluminum protective surface regions have been 
known previously. Id. at line 28. The specification further expressly discloses that the platinum- 
aluminide region of the invention (34, 36 of Figs. 2A and 2B) is a single-phase composition of 
aluminum, platinum, nickel and the diffused components of the substrate, extending from the 
surface to a depth below the surface where the aluminum has decreased to 18 weight percent 
from the higher values closer to the surface. See Specification at p. 7, line 27 - p. 9, line 5. This 
region comprises p-NiAl 9 which is a phase of the binary nickel-aluminum system. See 
Specification at p. 8, line 21; USPN 5,716,710 at Fig. 2; col. 3. lines 14-15. Below 18 weight 
percent aluminum, the p-NiAl is not stable. See id The JJ-NiAl comprises a solid solution of 
platinum and aluminide, as indicated by the use of the term flt platiTinm^Tti Tm'Tii d^." See 
Specification at p. 7, line 28, Those skilled in the art know that aluminides are "ordered 
structures including aluminum and another metal.** See USPN 5,238,752 at col. 2, lines 42-44. 
Thus, the specification conveys to one skilled in the art of aluminide, and platinum-aluminide 9 
diffusion coatings that a diffusion coating prepared by the expressly stated method produces a 
solid solution phase of 0-NiAl (or solid solution intermediate phase). 
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Further, the Examiner has indicated that the specification has not conveyed to those 
skilled in the art that an inner diffusion zone would be created adjacent to both the solid solution 
intermediate phase (platinum-aluininide region 34 7 36) and the substrate (32). However, those 
skilled in the art of aluminide, and platinum aluminide, diffusion coatings know that the weight 
gradient of the components of the diffusion zone created by the diffusion process continuously 
vary with depth from the surface of the platinum-aluminide region (or solid solution intermediate 
phase) some distance into the substrate adjacent to the platinum-aluminide region (or solid 
solution intermediate phase). That is, through the process of diffusion, the components that 
diffuse to create the platiniun-aluminide region 34, 36 (or solid solution intermediate phase) 
would not simply create a p-NiAl platinum-aluminide region (or solid solution intermediate 
phase) having the claimed weight compositions of at least 18 weight percent aluminum, and then 
at the surface of the substrate suddenly revert to the substrate composition. 

From the specification as filed, those skilled in the art of platinum-aluminide diffusion 
coatings would know that, adjacent to the platinum-aluminide region 34, 36 having a 
composition of 18 weight percent aluminum and 1 8 weight percent platinum, the substrate 
surface 32 adjacent to the platinum aluminide region 34, 36 would not comprise approximately 6 
weight percent aluminum and no platinum, as found in the substrate compositions. See 
Specification at p. 6, lines 1-10. Rather, the process of diffusion would be known to those 
skilled in the art to create an inner diffusion zone in an area adjacent to the platinum-aluminide 
regions 34, 36 (or solid solution intermediate phase) and the substrate 32 that does not comprise 
P-NiAl, and yet does not comprise the composition of the substrate. 
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The process of diffusion is explained in the Goward/Boone/Gi ggms reference, 
"Formation and Degradation Mechanisms of Aluminide Coatings on Nickel-Base Superalloys," 
previously submitted for support in the Amendment after Final Rejection dated November 1 3, 
2002. See, for example. Fig. 6 (depicting approximate composition of various components by 
distance from the surface, and showing continuity of change in composition with increasing 
depth); Fig. 14. See also p. 239 (same mechanisms apply for different coating processes, as pack 
cementation, hot dipping, slurry methods, vapor deposition (both chemical and physical), fused 
salt electrolyte, flame or plasma spraying etc.) G.M. Kim, N.M. Yanar. E.N, Hewitt, F,S, Pettit, 
and G.H. Meier analyzed a single phase (Ni, Pt) Al coating made by GE according to the 
disclosed process. See "The effect of the type of thermal exposure on the durability of thermal 
barrier coatings " Scripta Materialia, 46 (2002) 489^95 (attached as Exfcu A). Fig. 3 clearly 
shows an inner diffusion zone located between the platinum-duminide region, and the substrate. 
See also Conner, ASTM article, at Fig. 1 and USPN 5,856,027 at Figs. 1, 3 (photographs 
showing an inner diffusion zone located between the outer platmum-aluminide region and the 
substrate). 

Additionally, see J.H. Wood and E.H. Goldman, Chapter 13: ^Protective Coatings," in 


(1987) at pp. 359-384 (attached as Extl B). See Fig. 1 at p. 361 and explanation at pp. 361-62, 
describing and illustrating a coating structure of the type produced in a low activity diffusion 
process in the temperature range disclosed in the specification such as that used to create single 
phase (Ni, Pt) Ai coatings on superalloys. Fig. 1 clearly shows an inner diffusion zone between 
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C.T. Sims, N.S. Stoloff and W.C Hagel, eds., John Wiley and Sons, New York 
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the outermost additive layer (the P-NiAl phase) and the superalloy. On p. 362, the text expressly 
describes an *"interdiffusion zone' between the outer layer and the substrate." 

Thus, the specification as filed would have conveyed to one skilled in the art of 
aluminide, and platinum-aluminide coatings, that there would be region (an "inner diffusion 
zone") between the platinum-aluminide region 34, 36 (or solid solution intermediate phase) and 
the substrate 32. 

B. "Said intermediate phase including an average nickel concentration of about 
50 to about 60% by weight so as to be nonstoichiometric relative to 
intermetallic compounds of aluminum and nickel, or aluminum and 
platinum, said outer aluminide layer region being substantially free of phase 
constituents other than said intermediate phase" 

Applicant submits that the original application as filed also conveys to one skilled in the 

art of platinum-aluminide diffusion coatings the limitation of claim 47 of the platmum-aluminide 

region (intermediate phase) having "an average nickel concentration of about 50 to about 60 % 

by weight" Applicant previously argued that aluminide diffusion coatings include Ni 

concentrations at a higher level than the relative Ni concentration in the alloy substrate due to the 

preferential outward migration of Ni as compared to the other alloy components to form the 

remainder of the composition of the diffusion coating. Based on the weight percent nickel in the 

expressly disclosed nickel-base superalloy substrates of 48 wL % (RN6); 63 wt % (RN5); and 

69 wt. %, Ni would constitute from 36 wt. % on RN6 substrate; to 47 wt.% on RN 5 substrate; to 

51 wt. % of the platmum-aluminide region composition on the substrate of claims 7(c) and 13(c). 

Since Ni preferentially migrates out of the alloy substrate into the diffusion layer at higher rates 

than the other alloy substrate components, those skilled in the art of aluminide, and platinum 

aluminide, diffusion coatings would know mat the Ni concentration in the diffusion coating will 
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exceed 36 wt % on RN6 substrate; 47 wt.% on RN 5 substrate; and 5 1 wt % of the platinum- 
aluminide region composition on the substrate of claims 7(c) and 13(c). 

The Examiner asserted that Applicant's argument was not convincing because the Ni 
concentrations "would clearly depend upon the processing conditions used to make the coatings 
which applicant's claims have broad variations, the amounts calculated by applicants do not 
support the 50 to 60 % . . . range . . . claimed" See Advisory Action at p. 2. G.M Kim, N.M. 
Yanar, E.N, Hewitt, F.S. Pettit, and GJL Meier analyzed a single phase (Ni, Pt) Al coating on 
RN5 substrate made by GE according to the disclosed process. See Exh. A. This analysis shows 
composition gradients of atomic % (38-48 Al) - (40-48 Ni) - (5-12 Pt) - (5 Cr) - (5 Co). Within 
this range, a composition of Ni^44 AI-5 Cr-5 Co-5 Pt (atomic) is equivalent to 50.3 Ni-20 Al- 
4.95 Cr-5.61 Co-1 8.6 Pt, by weight. Thus, the weight range of 50-60 weight % Ni, for platinum- 
aluminide diffusion coatings prepared as disclosed in the specification, have been actually 
reduced to practice and would inherently be formed on an RN5 substrate by the disclosed 
process. This supports Applicant's argument that the Ni present in the diffusion coating, under 
the disclosed process conditions, exceeds the relative Ni concentration by weight in the substrate. 
Thai is, the Ni preferentially migrates into the diffusion zone over other substrate constituents. 

The Examiner repeated the grounds for his rejection of the "nonstoichiometric" limitation 
as presented in page 8 of the Final Rejection dated May 15, 2002. §ee Advisory Action at p. 2. 
Here, the Examiner stated that "the nickel range is . . . very speculative and makes many 
unfounded assumptions ... the discussion with respect to 'nonstoichiometric* . . . is . . . equally 
speculative and unsupported by factual evidence." See Final Rejection at p. 8. Here, Applicant 
has presented factual, published evidence that the Ni weight in the claimed platinum-aluminide 
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diffusion coating exceeds 50 weight %. Thus, now that this point is factually supported, the 

calculations presented on nonstoichiometiy found on pages 10-11 of the Amendment and 

Response dated April 3, 2002 show necessarily that AI is hypostoichiometric in a 3-NiAl 

structure having over 50 weight % Ni. 

Here, Applicant has claimed Ni in the platinum aluminide region at about 50 to about 60 

wt. %. Given the factual support of more than 50 weight % of Ni, Applicant respectfully 

requests that the rejection under 35 U.S.C §112, first paragraph for failure to provide support 

for the claimed Ni wt. concentration of about 50 to about 60 wt % be withdrawn. 

C. "Oxidizing the diffusion aluminide layer under temperature and oxygen 
partial pressure conditions effective to form an alpha alumina layer 59 

Finally, it is stated that the limitation in claim 47 of "oxidizing the diffusion aluminide 

layer under temperature and oxygen partial pressure conditions effective to form an alpha 

alumina layer" is totally lacking support in the application as filed. Applicant previously argued 

that oxidation of the surface of aplatinum-aluminide layer to provide a protective aluminum 

oxide scale prior to addition of a ceramic layer in a thermal barrier coating system is well known 

in the art; that the formation of an alumina layer prior to depositing a ceramic layer has long been 

known to greatly improve adherence of the ceramic layer to the bond coat in thermal barrier 

coating systems; and that sufficient oxygen is available in the annealing process to form an 

alumina layer from the aluminum on the surface of the protective coating under the temperature 

and time conditions given in the application. See Amendment after Final Rejection, November 

15, 2002, at pp. 18-19. 
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The Examiner asserted that the "specification describes no formation of an alpha alumina 
layer by oxidizing the diffusion aluminide layer under temperature and oxygen partial pressure 
conditions effective to form an alpha alumina layer." See Advisory Action at p. 2. In so doing, 
the Examiner restated the positions set forth in the Final Rejection of May 1 5, 2002. Id. There, 
the Examiner asserted that, "to say that the substrate is annealed with absolutely no indication of 
providing an oxidizing atmosphere or formation of oxide is not an oxidizing step." See Final 
Rejection at p. 8. 

In response, Applicant respectfully notes that aluminum easily combines with oxygen to 
form alumina even at very low partial pressures of oxygen. For example, Ellingham diagrams 
are used to show the formation potential for compounds relative to oxygen potentials and 
temperatures. One such diagram is attached as Exh. C. A copy of this diagram may be found at 
D.R. Gaskell, Introduction to Metallurgical Thermodynamics- Second Edition, Hemispherical 
Publishing Corporation, New York (198 1) at p. 287. The partial pressure of oxygen required for 
alumina to be formed on aluminum or an aluminum-containing coating, such as the platinum- 
duminide coating of the invention, at 1975°F is 10" 50 to 10* 34 aim. Typical annealing conditions 
known to those skilled in this art comprise a vacuum heat treatment at 10" 5 torr. This atmosphere 
contains 2.6 X 10^ aim oxygen, which according to the Ellingham diagram is more than 
sufficient oxygen to form alumina 

In addition, it is known to those skilled in the art that an alumina layer will form on an 
aluminide coating during preheating of the surface prior to deposition of the ceramic layer. See 
USPN 5,238 J52 at col. 6, lines 55-59, Claim 47 includes the deposition of a ceramic thermal 
barrier layer and therefore will necessarily include a preheating step of the surface. It is known 
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to those skilled in the art that the layer of alumina needed for adherence of the ceramic layer is 
very thin, and forms upon heating, and that "a separate step of oxidation is not normally required 
. . . [t]he oxidation occurs during normal preheating of the coated substrate prior to deposition of 
the ceramic topcoat." See USPN 5,238,752 at col. 6, lines 45-50; lines 55-59. Applicant thus 
respectfully submits that the specification as filed would convey to one skilled in the art of 
platinum-aluminide diffusion coatings having deposited ceramic thermal barrier layers that an 
alumina layer would form on the aluminide coating of the invention during at least the 
preheating stage prior to the ceramic thermal barrier layer deposition. 

For all the reasons set forth above, Applicant respectfully requests the withdrawal of the 
claim rejections under 35 U.S.C. § 11 2, first paragraph and to allow claim 47. 
n. Claim Rejections Under 35 U,S,C, g 102(b) 

Claim 8 is rejected under 36 U-S-C § 102(b) as allegedly anticipated by Conner et_ al. 
(ASME article). The Examiner asserts that Conner discloses the CVD PtAl process at pages 2 
and 5 and the representation in Fig. 3 for the "CVD PLATINUM ALUMINIDE." See Office 
Action at p. 3. 

Applicant respectfully submits that Conner does not disclose each and every limitation of 
claim 8, and therefore does not anticipate claim 8. Specifically, claim 8 is a method claim for 
preparing an article having a platmum-aluminide surface region. The 2d and 3d limitations of 
claim 8 provide that a layer of platinum is deposited on a substrate surface, and thereafter the 
platinum is diffused from the layer of platinum into the substrate surface. Thereafter, a source of 
aluminum is provided. Conner at pages 2 and 5 and Fig. 3 does not disclose these process steps. 
Rather, Conner discloses at p. 2 only that the tested platinum aluminide coatings were produced 
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using pack processes and were given post-coat heat treatment at I925°f to "ductilize the coatings 
and to complete alloy heat treatment requirements." There is no disclosure at all of process steps 
at p. 5 or Fig. 3. Rather, Fig. 3 illustrates only the weight percents of the coating constituents as 
a function of depth from the surface of the coatings. 

Since the cited sections of Conner do not disclose each and every step of claim 8, 
Applicant respectfully submits that Conner does not anticipate claim 8 and asks that this 
rqection be withdrawn- 
Hi. Claim Rejections Under 35 U.S,C» S 103 

Claims 9, 10, 1 1, 12, 13, 73 and 1 12 have been rejected under 35 U.S.C. § 103(a). See 
Office Action at pp. 4-5. The Examiner asserts that claim 1 1 is obvious over Conner; that claims 
9, 1 0, 73 and 1 1 2 are obvious over Conner in view of Dudeistadt, USPN 5 > 238 > 752 
("Duderstadf ); and that claims 12 and 13 axe obvious over Conner in view of Wukusick, USPN 
5,100,484 ("Wukusick). 

A, Claim 11 is Rejected as Allegedly Obvious Over Conner 

The Examiner asserts that, based on the Conner disclosure, "it would have been obvious 
to have derived the amounts of Pt in the range of claim 1 1 through routine experimentation to 
optimize the corrosion resistance of the coating." See Office Action at p. 4. However, claim 1 1 
is dependent on claim 8 and therefore incorporates the claim limitations of claim 8. Since 
Conner does not disclose each and every process limitation of claim 8 as discussed in Section II 
above, Conner does not disclose each and every limitation of claim II. Therefore, Conner does 
not support a prima facie case of obviousness for claim 11. 
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B- Claims 9, 10, 73 and 112 Are Rejected As Allegedly Obvious Over Conner in 
view of Duderstadt 

The Examiner asserts that claims 9, 10, 73 and 1 12 are allegedly obvious over Conner in 
view of Duderstadt. See Office Action at p. 4. However, claims 9 and 10 are dependent on 
claim 8, and as discussed Conner does not disclose each process limitation of claim 8 including 
the steps of depositing platinum on a substrate, diffusing the platinum into the substrate and 
thereafter providing a source of aluminum. Duderstadt likewise does not disclose these steps. 
Since Conner and Duderstadt in combination do not disclose each and every step of claim 8. 
these references do not form a prima facie case of obviousness of claims 9 and 1 0. 

Claims 73 and 1 12 are also not rendered obvious by a combination of Conner and 
Duderstadt. Claim 73, from which claim 1 12 depends, claims a method of forming a thermal 
barrier coating on a substrate wherein the aluminum content and the platinum content are 
relatively high adjacent to the surface and decrease with increasing depth into the aluminide 
layer and the substrate. In contrast, Conner discloses only a platinum aluminide coating wherein 
the platinum increases with increasing depth into the surface before it begins decreasing. See 
Fig. 3 (MDC-150 on SC Alloy). Duderstadt likewise does not disclose a coating where the 
aluminum content and the platinum content are relatively high adjacent to the surface and 
decrease with increasing depth into the aluminide layer and the substrate. Finally, neither 
Duderstadt nor Conner discloses the weight % ranges of Pt and Al set forth in claim 73. Claim 
73 recites a Pt concentration from about 8 to about 45 wL %, and Al from about 18 to about 28 
wt. %. In contrast, Duderstadt has no disclosure on the composition of the platinum aluminide 
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coating in terms of wt.% Pt or Al 5 and none of the examples in Conner disclose Pt concentration 
up to 45 wt. %. 

Thus, Conner and Duderstadt in combination do not disclose each and every limitation of 
claims 73 and 1 12, and therefore do not form a prima facie case of obviousness of claims 73 and 
112. 

C. Claims 12 and 13 are Rejected as Allegedly Qbvions over Conner in Vie* of 
Wiikusick 

Finally, claims 12 and 1 3 have been rejected as allegedly obvious over Conner in view of 
Wukusick- See Office Action at p. 5. Claims 12 and 13 are dependent from claim 8- A$ 
discussed, Conner does not disclose each process limitation of claim 8 including the steps of 
depositing platinum on a substrate, diffusing the platinum into the substrate and then providing a 
source of aluminum. Wukusick likewise does not disclose these steps. Since Conner and 
Wukusick in combination do not disclose each and every step of claim 8, these references do not 
form a prima facie case of obviousness of claims 12 and 13. 

Applicant respectfully submits that these references, alone or in combination, do not 
disclose each and every limitation of the rejected claims and therefore that these rejections 
should be withdrawn. 
TV. Double Patenting Rejection 

Claims 8-13, 16-18 and 89-94 have been provisionally rejected under 35 U.S-C. § 101 as 
claiming the same invention as that of claims 8-13 and 16-18 and 87-92 of copending 
Application No. 09/244,578. Claims 47, 73 and 1 12 are provisionally rejected under the 
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judicially created doctrine of obviousness-type double patenting as being unpatentable over 
claims 47, 71, and 1 10 of copending application Ser. No. 09/244,578. 

Applicant acknowledges this rejection, and will amend or cancel claims 8-13 and 16-18 
or file a terminal disclaimer pursuant to 37 CF JL § 1 .321(c) for claims 47, 73 and 1 12 if this 
rejection is appropriate at that time. The rejections corresponding to claims 89-94 are moot in 
light of the cancellation of these claims. 

CONCLUSION 

Applicant submits that the application is in condition for allowance and respectfully 
requests entry of this amendment and a notice of allowance for all the pending claims. Should 
the Examiner determine that any further action is necessary to place this application in condition 
for allowance, the Examiner is kindly requested and encouraged to telephone Applicant's 
undersigned representative at the number listed below. 

Applicant authorizes the fee of $950.00 for a three month extension of time to be 
deducted from Deposit Account No. 50-0206. If airy variation is found between the amount 
authorized to be charged and the amount due, please credit or deduct the difference from the 
undersigned's Deposit Account No. 50-0206. 

Respectfully submitted,. 

; WILLIAMS 


Date: t JWfl^at* 30^ By: 
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Abstract 

The effect of cycle Frequency on the spallation failure of thermal barrier coatings has been investigated. The exposure 
conditions affect the lifetimes of the coatings and can even change the relative performance of different bond coats* The 
very strong effect of exposure temperature is consistent with thermally grown oxide growth being a first order variable 
in scale failure. © 2002 Acta Matcrialia Inc. Published by Elsevier Science Ltd. All rights reserved. 

Keywords: Oxidation; Thermal barner coating; Thermal cycling 


1. Introduction 

The major factor controlling the life of thermal 
barrier coatings (TBCs) is the resistance of the 
coating to spallation under the influence of stresses 
generated during thermal exposure [1,2], Typical 
TBC systems consist of a series of layers. A Ni- 
base superaJloy substrate is coated with an Al-rich 
bond coat (either a diffusion aluminide or NiCo- 
CrAl Y overlay coating) onto which is deposited a 
yttria-stabilized zirconia (YSZ) topcoat. During 
fabrication and service a thermally grown oxide 
(TGO) forms between the bond coat and the YSZ- 
Ideally the TGO is pure a-alumina but oxides of 
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1 Permanent address: Department of Materials Engineering, 
Chungnam National University, Dacduk Science Town, Taejon 
305*764, South Korea. 


other components have also been observed to form 
[1]. High temperature exposure results in growth 
of the TGO and sintering of the YSZ, both of 
which increase the clastic energy stored in the 
system after cooling to room temperature. Expo- 
sure also leads to microstructural and/or chemical 
changes, which result in regions of decreased 
fracture toughness- Eventually, fracture initiates 
and propagates through one or more of the fol- 
lowing: the YSZ, the TGO, the interface between 
the TGO and bond coat or between the TGO and 
YSZ. A number of studies of TBC degradation 
have indicated that the fabrication method of the 
YSZ and bond coat can influence the crack path 
and the time to failure [3]. However, different re- 
sults are often obtained by different investigators 
studying nominally identical coatings. It has been 
suggested that these differences arise from varia- 
tions in the exposure conditions [4]. This paper 
presents the results of a study to evaluate the 
effects of the type of thermal exposure on TBC 
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failure for two TBC systems: one with platinum- 
modified diffusion aluminide bond coats and the 
other with NiCoCrAlY bond coats* 


Z Experimental 

TBCs of YSZ (8 wt.% yttria) were deposited by 
electron beam physical vapor deposition on one 
face and the periphery of 25.4 mm diameter, 3.2 
mm thick, bond-coated disks of the single crystal 
nickel-base superalloy Rene N5, The Pt-nahiminide 
bond coats were prepared by electroplating a 
thin (5-7 um) layer of platinum on the substrate, 
aluminizing in a CVD reactor, and grit blasting 
with alumina grit. The composition of the bond 
coat varied slightly across the thickness but was in 
the range in at.% (38-48 A1>-(4<M8 Ni)-(5-l2 
PtH5 CrH5 Co)- The NiCoCrAlY bond coats 
were prepared by a plasma spray process (A) and a 
detonation process (B) and had the approximate 
composition in at.% 24 Al-4 1 Ni- l9Co-l 5Cr-0. 1 Y. 
After coating deposition the NiCoCrAlY coatings 
were vacuum heat treated, peened with steel shot, 
and vibratory finished with alumina media. At this 
point the surface roughness was L5 \im R*. Prior 
to TBC deposition, the bond coat surface was grit 
blasted to 1.8-2.0 jun J? a . Significant performance 
differences were not observed in this investigation 
between NiCoCrAlYA and B. Consequently, the 
results will be presented for both bond coats as 
NiCoCrAlY. 


Fig. 1. Macroscopic photograph of a failed TBC specimen. 


The specimens were exposed in laboratory air at 
temperatures of 1000 7 1100 and 1200 °C under 
either isothermal or cyclic conditions. Many of the 
cyclic exposures were performed in vertical tube 
furnaces, which were modified to contain a large 
thermal mass, which permitted rapid specimen 
heating, and fitted with a high velocity air blower, 
which permitted rapid specimen cooling. Three 
thermal cycles were used with these furnaces as 
follows: 

A: Heat to 1100 °C in 2.5 min, hold at 1 100 °C 

for 5 min, cool to 30 °C in 2.5 min. 

B: Heat to 1100 *C in 2,5 min, hold at 1 100 °C 

for 55 mm 1 cool to 35 °C in 2.5 min. 

C: Heat to 1 100 °C in 2.5 min, hold at 11 00 °C 

for 39 *5 min, cool to 210 °C in 18 min. 

Additional experiments were performed in a 
commercial bottom-loading furnace (CM fur- 
naces). The thermal cycle was similar to Cycle B 
above except that every 20 cycles the specimens 
were removed and kept in a desiccator for several 
hours, examined, and reinserted into the furnace. 
The restart involved heating to the oxidation 
temperature in 20 min. 

Failure of the specimens was taken to be a 
measurable amount of separation of the TBC from 
the face of the specimen. A macroscopic photo- 
graph of a typical failure is presented in Fig. L 


3. Results and discussion 

A typical as-processed microstructure for the 
NiCoCrAlY bond coats is presented in Fig. 2. The 
150 um thick coating consisted of two phases: P- 
NLA1 and 7-solid solution, <vohirne fraction of P 
5^63%). Embedded grit particles were observed at 
the coating/substrate interface and at the TBC/ 
coating interface. Smaller oxide particles and a few 
small pores were observed throughout the coating. 
Fig. 3 presents a typical as-processed microstruc- 
ture for the platinum aluzninidc bond coat- The 50 
um thick coating consisted of single phase P-NiAl 
with Pt and various substrate elements in solution. 
Embedded alumina grit particles were observed at 
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Fvs- 2- Cross-section micrograph shewing an as-processed TBC 
with NiCoCrA3Y bond coat. 



Fig. 3. Cross-section micrograph showing an as-processed TBC 
with PMluminide bond coat. 


the original superalloy substrate surface and oc- 
casionally at the TBC/coating interface. 


rialia 40 (2002 J 489-495 4 9J 

The rimes to failure for the various thermal 
exposures are presented in Table 1. Several ob- 
servations can be made from these results: 

1 . Isothermal exposures and one-hour cycles in the 
bottom-loading furnace give similar hot-times 
to failure at both 1100 and 1200 °C. 

2. Each increase in 7k by 100 °C decreases the hot- 
time to failure by about a factor of 10 for both 
isothermal exposure and one-hour cycles in the 
bottom-loading furnace. 

3. Increasing cycle frequency from I/h (Cycle B) to 
6/h (Cycle A) decreases the hot-time to failure 
by about a factor of 2 but increases the number 
of cycles to failure by about a factor of 4 for the 
Pt-almninide bond coats. 

4. Increasing cycle frequency from 1/h (Cycle B) to 
6/h <Qycle A) increases the hot-time to failure by 
about a factor of 2 and increases the number of 
cycles to failure by more than a factor of 10 for 
the NiCoCrAlY bond coats. 

5. Maintaining the bottom temperature of the 
cycle 7L at 210 °C (Cycle Q rather than 35 °C 
(Cycle B) increased the hot-time to failure of 
the NiCoCrAiY bond coats by about a factor 
of two and for the platinum aluminide bond 
coats by about 30%: 

The type of thermal exposure not only affected the 
time to failure but also the fracture path when the 
specimens failed. Fig. 4 presents the surface mor- 
phology and microstructure of a NiCoCrAlY 
bond coat after failing during one-hour cycles 


Table 1 

Average failure times for TBCs with Pi-aluminlde bond coals and NiCoCrAlY bond coats with different thermal exposures 


Type of exposure 


Pi-Al 


NiCoCrAlY 


Cycles 

Hot-time (h) 

Cycles 

Hot-time (b) 

NA 

NA 

670(2) 

559 (2) 


1000 (2) 


<100(2) 

1570 (2) 

1440(2) 

232 (4) 

213 (4) 

5422 <2) 

452(2) 

5785 (2) 

483 (2) 

2403(1) 

1582 (1) 

833 (2) 

549 (2> 

1168(3) 

974(3) 

87(6) 

72(6) 


100(2) 


NA 

128(3) 

107 (3) 

7(2) 

6(2) 


7) | = 1000 °C, one-hour cycles bottom-loading furnace 
1)00 *C isothermal 

r H = 1 1 00 *C one-hour Cycle B (T t s= 35 °Q 

T H = U00 5 C, 10 min Cycle A (71 *t 30 °Q 

r H - U 00 °C one-hour Cycle C (71 210 °C) 

r M = 1 100 °C one-hour cycles bottom-loading furnace 

1200 °C. isothermal 

r H = 1200 q C, one-hour cycles bottom-loading furnace 


^ ; high temperature hold; 7L is the minimum 

temperature during the cooling part of the cycle. 
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from 1100 °C (Cycle B). The fracture progressed 
primarily along the TGO/bond coat interface, Fig* 
4a (image analysis indicated 74% exposed bond 
coat) with excursions into the TGO. This behavior 
has been described previously [5,6] and explained 
as fracture initiating at defects, such as transient 
oxides or pockets of reactive element rich oxides 
but then propagating along the interface to release 
all of the elastic energy stored in the TGO- A 
similar mechanism has been proposed for the 
failure of TBCs with EB-PVD NiCoCrAlY bond 
coats [7]. A cross-section of this specimen (Fig. 4b) 
indicated the bond coat thickness bad decreased 
uniformly by about 10%. An Al-depleted layer was 
present at the bond coat TGO interface and the 
overall volume fraction of p had decreased from 
63% to 34%. This is consistent with the decreased 
coating thickness as y has a smaller molar volume 
than p. This cross-section also shows several areas 
where internal oxidation of reactive elements has 
occurred. 

Fig. 5 presents the surface morphology and 
microstructure of the NiCoCrAlY bond coat after 
failure during rapid cycling from 1100 °C {Cycle 
A). The fracture surface (Fig. 5a) is qualitatively 
similar to that for the one-hour cycles (^70% 
exposed bond coat) except that there are a few 
unoxidized voids on the bond coat surface. The 
cross-section of this specimen {Fig. 5b) shows that 
the coating thickness has decreased to about 135 
pm and the (3 phase has retreated from the TGO/ 
bond coat interface and the coating/substrate in- 
terface. In some locations oxidation penetrated 


nearly through the coating. The TGO contained 
reactive element oxides and spinel was present 
between the TGO and TBC in some locations (Fig. 
5c). However, there were no substantial differences 
between this TGO and the one formed during one- 
hour cycles. Given the similarities in the degrada- 
tion microstructures, it is difficult to explain why 
the hot-time to failure increases for this bond coat 
when the cycle frequency is increased. One might 
speculate that some sources of stress relief are 
more effective during rapid cycling. 

Fig. 6 presents the degradation microstructure 
of one of the Pt-ahoninide bond coats after failing 
during one-hour cycles from 1100 °C (bottom- 
loading furnace). The fracture has progressed 
mainly in the TGO and TBC, presumably as a 
result of ratcheting of the TGO. The development 
of this morphology on Pt-aluminide bond coats 
has been described by Mumm and Evans [S] and a 
model has been developed for the formation of 
ratchets [9]- This model invokes plastic deforma- 
tion of the bond coat as a major contributor to 
ratcheting. The cross-section of the coating indi- 
cates y formation at (3 grain boundaries and the 
relative absence of voids in the bond coat. The P to 
Y transformation and the consequent decrease in 
molar volume has been proposed as an alternative 
cause of ratcheting [10]. 

Fig. 7 presents the degradation microstructure 
of one of the Pt-aluminide bond coats after failure 
during rapid cycling from 1100 °C (Cycle A). The 
fracture surface (Fig. 7a) indicated substantial 
amounts of failure in the TGO and TBC (^25% 
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Fig. 6. Surface (a) and cross-section (b) of a TBC with a Pt-alumxnide bond coat after failure during one-hour cycles in the botiom- 
loadiflg furnace. 


exposed bond coat). The bond coat had rumpled 
and voids were present on the bond coat surface 
(black arrow). Cross-sections of tbis specimen 
(Fig. 7b and c) indicate extensive void formation 
at the TGO/bond coat interface. The surfaces of 
some of the voids have been oxidized as the result 
of fracture of the overlying oxide while others re- 


mained unoxidized. Large voids were also formed 
in the bond coat near the bond coat/substrate in- 
terface. Such voids have been proposed to result 
from the p to y transformation [10]- However, the 
large voids formed with rapid cycling and the ab- 
sence of voids with one-hour cycles, even though 
there was more Y formation in the latter case. 
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suggest that plastic deformation of the bond coat 
is a major contributing factor to the void forma- 
tion. These voids were often in contact with strips 
of Y extending down from the TGO/bond coat 
interface. The extensive void formation, particu- 
larly at the TGO/bond coat interface, is believed to 
be responsible for the decreased hot-time to failure 
of the Pt-aluminide bond coat under rapid cycling 
conditions. 

The strong effect of oxidation temperature on 
failure time indicates that TGO growth rate, i.e. 
oxide thickness; is a key factor in determining TBC 
failure. Tolpygo and Clarke [1 1] argue that there is 
a critical oxide thickness (5-7 um for Pt-aluminide 
bond coats) beyond which the coating will fail. 
Wright [12] questions the validity of the "critical 
oxide thickness". The effect of temperature and 
similar failure times for isothermal and one-hour 
cycling observed in this study and [1 1] support the 
concept of a critical oxide thickness for failure. 
However, coatings can fail at smaller oxide thick- 
nesses if other processes intervene, e.g. the inter- 


face voiding observed when the Pt-aJuminide 
bond coats were rapidly cycled. 

4» Summary and conclusions 

The above results show clearly that the expo- 
sure conditions used for thermal cycling TBC 
systems affect the lifetimes of the coatings and can 
even change the relative performance of different 
bond coats. The very strong effect of exposure 
temperature is consistent with TGO growth being 
a first order variable in scale failure, but it is im- 
portant to emphasize that, under some test con- 
ditions, other factors assume a major role in 
determining failure times. 
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